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Introduction
Cocaine addiction is a chronic relapsing substance-abuse problem associated with severe medical and psychosocial complications (Smith et al., 2009; Buttner, 2011) .
Despite decades of research, no effective treatment is available for cocaine addiction (Karila et al., 2008; Ross and Peselow, 2009; Schmidt and Pierce, 2010) . It would be invaluable to have a better understanding of the molecular, cellular and system-wide changes that accompany addiction. Repeated exposure to cocaine increases dendritic spine density in medium spiny neurons (MSNs) of the nucleus accumbens (NAc), key to the common reward pathway (Kolb et al., 2003; Shen et al., 2009; Kiraly et al., 2010b; Kim et al., 2011) . Previous studies also demonstrated that repeated cocaine exposure enhances plasticity at incoming excitatory synapses onto MSNs (Schmidt and Pierce, 2010; Kalivas and Volkow, 2011) . Surface GluR1 expression and total levels of synaptic AMPA receptor increase (Boudreau and Wolf, 2005) . Dopamine receptor 2 surface expression (Conrad et al., 2010) and the level of transcription factors such as myocyte enhancer factor 2 and Δ-fosB (Pulipparacharuvil et al., 2008; Nestler, 2008) increase, as does CREB activation (Brown et al., 2011) . Also well documented are changes in actin cycling, Homer1a, Kal7, NMDA receptors and other postsynaptic proteins that regulate spine morphology and synaptic function (Szumlinski et al., 2008; Huang et al., 2009; Shen et al., 2009; Kourrich and Thomas, 2009; Moussawi et al., 2009; Kiraly et al., 2010b; Mains et al., 2011; Brown et al., 2011; Dobi et al., 2011; Kalivas and Volkow, 2011) .
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Through the use of different promoters and alternative splicing, the Kalrn gene generates multiple transcripts encoding functionally distinct proteins that include at least one Rho GDP/GTP exchange factor (GEF) domain (Johnson et al., 2000; Mains et al., 2011) . The longest isoform of Kalirin, Kal12, has a Sec14p domain, multiple spectrinlike repeats, 2 Rho GEF domains, 2 SH3 motifs, Ig and FnIII motifs and a kinase domain (Fig. 1) . Kalirin plays a vital role in cytoskeletal organization, affecting process initation and outgrowth plus dendritic spine formation (Rabiner et al., 2005; Ma, 2010) . , the predominant isoform of Kalirin in the adult brain ( Fig. 1) , is localized to the postsynaptic side of excitatory synapses and increases dendritic spine density when over-expressed in primary hippocampal and cortical neurons (Penzes et al., 2001; Ma et al., 2008b; . In addition, Kal7 plays a key role in the formation of excitatory synapses onto hippocampal neurons (Ma et al., 2008b; Ma et al., 2008a; Ma, 2010) .
The pathways through which cocaine alters synaptic plasticity in NAc MSNs are poorly understood. Based on the fact that CA1 hippocampal pyramidal neuron spine density is diminished in mice that cannot express Kal7, one might postulate a role for Kal7.
However, NAc MSN spine density did not differ in wildtype and Kal7 null mice (Kiraly et al., 2010b) . While repeated cocaine treatment increased spine density in NAc MSNs in wildtype mice, no increase in spine density was observed in Kal7 null mice (Kiraly et al., 2010b) . In this study we assess expression and localization of specific isoforms of Kalirin in the NAc and the dorsal striatum. The effects of over-expressing Kal7 and Charles River Laboratories were used. Male rats were injected with cocaine (i.p., 20 mg/kg body weight) or saline between 9:00 and 10:00 am for 8 consecutive days and used 24 hours after the last injection. All experiments were conducted in accordance with the guidelines established by the UCHC Animal Care and Use Committee.
In situ hybridization. Fresh brains from adult male rats were rapidly frozen on dry ice.
Sixteen µm coronal sections were cut through the NAc in a cryostat and mounted on poly-L-lysine coated slides. High specific activity antisense and sense riboprobes were made using [ 35 S]-UTP with T7 and T3 polymerase from the pBluescript-SKII(-) plasmid, respectively. The Kalirin spectrin probes encoded part of the spectrin-like region common to all forms of Kalirin. The Kal7 and Kal12 probes are specific to the 3'-UTR of Kal7 and the kinase domain of Kal12. In situ hybridization was performed as described Ma et al., 2003) .
Immunohistochemistry. Animals were anesthetized with ketamine/xylazine and perfused transcardially with saline followed by 4% paraformaldehyde in PBS ). Twenty-five µm coronal sections through the NAc or were cut. Kalirin antibody specificity was determined by replacement of an antibody with pre-immune serum and by pre-incubation of the antibody with its antigen (10 µg/ml); staining was eliminated in both controls Ma et al., 2008b) . Sections were incubated overnight at 4ºC with one of three primary rabbit polyclonal antibodies: Kalirin antiserum JH 2582
This article has not been copyedited and formatted. The final version may differ from this version. (spectrin domain); affinity-purified Kal7 antiserum JH2958 (C-terminus of Kal7); affinitypurified Kal12 antiserum JH3226 (C-terminus of Kal12); primary antibodies were visualized by staining with a peroxidase-tagged second antibody followed by diaminobenzidine or with Cy3-conjugated donkey anti-rabbit IgG (The Jackson Laboratory) as described .
Western blot analysis. The NAc and striatum were dissected and tissues were homogenized in 10 volumes of SDS lysis buffer containing phenylmethylsulfonyl fluoride and a protease inhibitor mixture (lima bean trypsin inhibitor, leupeptin, benzamidine, and pepstatin) with five strokes of a glass/Teflon homogenizer (Ma et al., 2008b) following by boiling. Large debris was removed by centrifugation at 5,000×g for 5 min. Proteins fractionated by SDS gel electrophoresis were transferred to Immobilon-P membranes (Millipore) and visualized with one of several primary antisera [Kalirin antisera as above; cdk5 (Millipore), 1:1000; p35 (Cell Signaling), 1:1000, Phospho-T 34 -DARPP32 (Cell Signaling), 1: 500)] and the Pierce ECL Kit .
Preparation of rat nucleus accumbens organotypic cultures. NAc slices were prepared from P8 Sprague Dawley rats as described . Briefly, the NAc was dissected into ice-cold, sterile Gey's balanced salt solution (Sigma, St. Louis, MO) containing 0.5% glucose, and then sliced transversely at a thickness of 400 µm on a Preparation of expression vectors, DNA-coated gold microcarrier particles and biolistic transfection. The pEAK vectors encoding GFP and Myc-tagged Kal7 (Ma et al., 2003) were mixed (GFP:Kal7=1:2) before being coated onto gold particles. pCMS-GFP-Kal-antisense and control pCMS-GFP-Trio-antisense were described . Plasmid DNA was precipitated onto 1.0 µm gold microcarrier particles at a concentration of 1 µg plasmid/mg gold, according to the Bio-Rad (Hercules, CA) instruction manual. Plasmid-coated gold particles were resuspended in 0.05 mg/ml polyvinylpyrollidone in ethanol and dried onto Gold-Coat tubing (25 mg gold particles/30 inches of tubing). Slices were transfected using the Helios Gene Gun System (Bio-Rad) after 2 DIV. After transfection (72-96 h), slices were fixed with 4% paraformaldehyde and then processed for immunostaining using monoclonal myc antibody 9E10 and a polyclonal antibody to GFP (Nacalai Tesque, Japan), which was used to intensify the GFP signal, providing better evaluation of fine dendritic processes .
Image analysis and quantification. Isolated GFP-positive neurons in organotypic slices were imaged using a Zeiss LSM510 confocal microscope (Thornwood, NY). For quantification of total dendritic length, a stack of images (Z step, 1 µm) was taken using a 20x objective (0.7 digital zoom factor), and the entire neuron was visualized in three dimensions with Zmaris 3.2 (Bitolane AG, Zurich, Switzerland). Dendrites were traced using Neurolucida, and total dendritic length was calculated using Neurolucida (Ma et al., 2003) . For spine quantification, stacks of confocal images (Z step, 0.2 µm) were taken using a 63x objective. Three-dimensional images were assembled with Zmaris, and spines were traced and quantified using Neurolucida . Data are presented as average + SEM. Statistical analyses were performed with SPSS 10 (SPSS Inc., Chicago, IL). P values in the text are from Student's t test.
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Results
Kalirin is expressed in the neurons of the NAc and dorsal striatum.
In situ hybridization with a Kal-spectrin probe (Fig. 1) , which detects all major Kalirin isoforms, shows widespread expression of Kalirin ( Fig. 2A) . In situ hybridization with emulsion-dipped slides and immunocytochemistry both demonstrate that Kalirin is expressed at similar levels throughout the NAc and dorsal striatum. Double immunostaining with antibodies specific to the Kalirin spectrin domain, which detects all major Kalirin isoforms ( Fig. 1) , and GFAP, a glial marker, shows that Kalirin staining is absent from glial cells (not shown); this observation is in agreement with in situ hybridization data showing that not all cells in the striatum express Kalirin (Fig. 2B, open arrows). Kalirin is also expressed in large neurons scattered throughout the striatum (Fig. 2C, arrow) ; the identity of these large neurons as cholinergic interneurons was confirmed by double immunostaining with antibodies specific to Kalirin and choline acetyltransferase (not shown). In situ hybridization and immunostaining with probes and antibodies specific to the COOH-terminus unique to Kal7 and ΔKal7 or the COOHterminus unique to Kal12 (Fig. 1) showed that most of the cells in the NAc and dorsal striatum express both Kal7 (Fig. 2D, 2E ) and Kal12 (Fig. 2F, 2G ). The MSNs of the NAc receive their dopaminergic input from the VTA, so the presence of Kalirin in these dopaminergic projection neurons was also investigated (not shown). The results show that Kal7 is expressed at similar levels in most of the tyrosine hydroxylase (TH) positive neurons of the VTA and substantia nigra (not shown).
Kal7 and Kal12 expression increases in response to chronic cocaine in most
MSNs of the NAc and dorsal striatum. Repeated exposure to cocaine was shown to increase Kalirin expression in the mouse NAc and dorsal striatum .
Adult male rats received eight daily injections of saline or cocaine (20 mg/kg) and were sacrificed 24 h later. Treatment efficacy was verified by demonstrating increased expression of cdk5 and p35 mRNA and protein along with decreased levels of P-Thr 34 -DARPP32 (Supplement Fig. S1 ) (Bibb et al., 2001 ). The question of whether Kal7 expression in most MSNs, or only in a subset, responds to repeated cocaine was investigated by immunocytochemistry using antisera specific to Kal7 (Fig. 3A-D) and Kal12 ( Fig. 3E-H ). The data demonstrate that a large percentage of the Kal7-containing neurons (Fig. 3A-D) and Kal12-containing neurons (Fig. 3E-H) in the NAc and dorsal striatum show an increase in staining intensity in response to repeated administration of cocaine. The large cholinergic interneurons scattered throughout the dorsal striatum express high levels of Kal7 under control conditions but still show increased staining in response to chronic cocaine treatment (Fig. 3C-D) . Cocaine-induced increases in fluorescence intensity for Kal7 and Kal12 staining are in agreement with RT-PCR data demonstrating an increase in mRNA levels (Supplement Fig. S2 ) and Western blot data demonstrating an increase in protein levels (Supplement Fig. S3 ).
Kal7 over-expression increases the density of dendritic spines in MSNs.
Expression of exogenous Kal7 has been shown to increase the density of dendritic spines in cultured hippocampal and cortical neurons (Ma et al., 2008b; Penzes et al., 2001 ). Organotypic slice cultures were used to ask whether the MSNs of the NAc would were biolistically co-transfected with vectors encoding Myc-Kal7 and GFP at postnatal day 10 and examined 2 days later, at a time when the spine density and endogenous Kal7 levels in the animal are still low; control slices received vector encoding GFP. The results showed that expression of Myc-Kal7 caused a dramatic increase in spine density; the increase in spine density was apparent over the full length of the dendrite in NAc MSNs (Fig. 4A-E) and the spine density is comparable to values found in vivo (Wang et al., 2012) . Quantification revealed an approximately 50% increase in spine density in MSNs expressing Myc-Kal7 (Fig. 4F) .
Reduced expression of Kalirin decreases dendritic length and spine density in
NAc MSNs. Kalirin expression was reduced using an antisense approach as described previously ; the antisense vector used encodes about 1 kb of the Kalspectrin domain (Fig. 1) and reduces levels of mRNA encoding all major full-length and Δ-isoforms of Kalirin. Use of a dual promoter vector ensures expression of GFP in neurons expressing the antisense construct; controls were transfected with vector encoding GFP alone or GFP and a control antisense sequence. The MSNs in which Kalirin expression was reduced still form dendrites (Fig. 5A -D) but exhibit an ~20% decrease in total dendritic length (Fig. 5E) . The dendritic lengths in the P10 cultures are about 75% those seen in adults in vivo (Wang et al., 2012) . When examined at higher magnification, the effect of reducing Kalirin expression on spine formation is apparent (Fig. 6A-D) ; quantification reveals an almost a 3-fold decrease in spine density (Fig.   6E) . In previous work with hippocampal cultures, control vectors using the corresponding region of the Kalirin homologue Trio showed no changes in dendritic structure (not shown); antisense to the secretory granule enzyme peptidylglycine α-amidating monooxygenase (PAM) produced a dramatic drop in PAM levels with no change in dendritic structure .
Discussion
Addiction is a complex response observed after repeated exposure to drugs of abuse.
The effects of chronic exposure to cocaine are complex, widespread and long-lasting.
Since no effective treatment is available, it is essential to develop a better understanding of the molecular, cellular and system-wide changes associated with addiction (Ross and Peselow, 2009; Kalivas and Volkow, 2011) . The long-lasting nature of addiction leads to relapse and makes it especially difficult to treat. Structural changes at many of the synapses involved in addiction are thought to underlie these long-lived changes. Since dendritic spine morphology is largely controlled by the actin cytoskeleton, attention has turned to the pathways through which cocaine could alter the cytoskeleton. Small GTP binding proteins of the Rho family play an important role in this process; they are activated by Rho GEFs and inactivated by Rho GTPase Activating Proteins (Rho GAPs) (Rossman et al., 2005) . There are ~60 Rho GEFs in the human genome, and about a dozen are found in significant amounts at the synapse (Kiraly et al., 2010a) . We have focused on Kalirin because Kal7 KO mice, which lack the major adult brain isoform of Kalirin, have an enhanced locomotor response to cocaine; although they show a normal place preference for food, Kal7 KO mice show a decreased place preference for cocaine (Kiraly et al., 2010b) . Spine density on the dendrites of Kal7 KO MSNs is indistinguishable from wildtype. While chronic cocaine produces an increase in spine density and spine area in wildtype mice, spine density fails to increase in Kal7 KO mice and spine area in the Kal7 KO mice decreases in response to cocaine (Kiraly et al., 2010b) .
This article has not been copyedited and formatted. The final version may differ from this version. Chronic exposure to cocaine was known to increase the expression of Kalirin in mouse NAc (Kiraly et al., 2010b) . A similar response was observed in rats, with increased expression of Kal7, Kal9 and Kal12 mRNA and protein in NAc and striatum (Figs. S1-3 ). In situ hybridization with isoform specific probes revealed similar levels of expression of Kal7 and Kal12 mRNA in all medium spiny neurons (Fig. 2) .
Immunofluorescence studies with isoform specific antisera confirmed this conclusion. In the NAc and striatum, expression of both Kal7 and Kal12 increased in the majority of the MSNs in response to chronic cocaine treatment (Fig. 4) . The D1-and D2-receptor medium spiny neurons (D1-and D2-MSN) are known to play different roles in the response to cocaine. Knockout of D1 receptors abolishes the acute locomotor response (Miner et al., 1995; Zhang and Xu, 2001; Karlsson et al., 2008) , while D2 receptor knockout merely blunts the locomotor response (Welter et al., 2007) . Ablation of the protein phosphatase regulatory subunit DARPP32 in D1-MSNs blocks the locomotor response to acute cocaine, while knocking out DARPP32 in D2-MSNs increases the acute locomotor response to cocaine (Bateup et al., 2010) . Cocaine induces the appearance of new spines in both D1-MSNs and D2-MSNs (Kim et al., 2009 ), but the new spines remain elevated during withdrawal from cocaine only in D1-MSNs (Lee et al., 2006) . D1, D3 and kappa-opioid receptor levels increase after cocaine self-administration, while D2 receptor levels decrease (Conrad et al., 2010; Mash and Staley, 1999) . Self-administration of cocaine is blocked by D1
antagonists and by genetic ablation of the D1 receptor (Orio et al., 2009 ).
This article has not been copyedited and formatted. The final version may differ from this version. Dopamine neurons in the VTA play a key role in cocaine addiction, projecting mainly to the NAc and prefrontal cortex (Luscher and Malenka, 2011) . The induction of cocaine sensitization and cocaine self-administration involves the enhancement of excitatory synapses in the VTA (Ungless et al., 2001; Borgland et al., 2004) . The endogenous expression of Kal7 in the dopaminergic neurons of the VTA (not shown) puts Kal7 in the right place to play a role in cocaine-induced synaptic plasticity in these VTA neurons (Ungless et al., 2001; Sarti et al., 2007) .
We used slice cultures to assess the ability of exogenous Kal7 to increase the formation of dendritic spines in MSNs. As seen in hippocampal and cortical neurons, spine density in MSNs increased in response to an increase in Kal7 expression; spines were uniformly distributed along the dendrites (Fig.5) . The cocaine-mediated increase in Kal7 expression could thus cause the increase in spine density observed in wildtype mice.
Interestingly, the new spines/synapses that appear after cocaine treatments are enriched in synaptic NR2B-containing NMDA receptors, while far fewer new spines/synapses are seen if NMDA receptors specifically NR2B-containing NMDA receptors are blocked (Huang et al., 2009; Ren et al., 2010; Brown et al., 2011) . The PH domain of Kal7 binds directly to the juxtamembrane region of NR2B , which in turn interacts with the actin cytoskeleton. Thus the increase in Kal7 protein seen after cocaine treatment of rats and mice, combined with the direct interaction of Kal7 with NR2B, may be the immediate cause of the increased NR2B in the new spines.
The importance of glutamate signaling in the response to cocaine has been emphasized This article has not been copyedited and formatted. The final version may differ from this version. in several recent reviews (Kalivas and Volkow, 2011) . NMDA receptors are functional on both D1-MSN and D2-MSN (Valjent et al., 2005; Shi et al., 2011) .
Kalirin expression in MSNs was reduced using an antisense construct that targets all full-length isoforms; in addition to a decrease in expression of Kal7, levels of Kal9 and Kal12, which also interact with NR2B, are reduced. In the MSNs with reduced levels of all of these isoforms of Kalirin, the length of the dendritic arbor was reduced and spine density was diminished (Figs. 5, 6 ). This would be expected from previous work on sympathetic neurons, since Kal7, Kal9 and Kal12 all increase both fiber numbers and branching complexity (May et al., 2002) . However, overexpression of Kal9 in cortical neurons is reported to increase dendritic spine numbers, coupled with a small decrease in total dendrite length (Deo et al., 2012) . A decrease in NR2B levels is observed in the hippocampus of Kal7 KO mice. There is less NR2B subunit in cortical PSDs of Kal7 KO mice than in control mice (Ma et al., 2008a) . Many forms of long-term potentiation and long-term depression are NMDA receptor dependent; hippocampal long-term potentiation and long-term depression was dramatically diminished in the Kal7 KO mouse (Ma et al., 2008a; Lemtiri-Chlieh et al., 2011) . The lack of Kal7 also leads to a lack of new dendritic spines in the NAc in response to cocaine (Kiraly et al., 2010b) . Perhaps the new spines with additional NR2B receptor subunits normally observed in the NAc are protective in chronic cocaine, and the lack of new NR2B-containing spines is the cause for the enhanced locomotor sensitization to cocaine administration.
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The complex circuitry through which glutamatergic signaling plays a role in addiction means that changes in Kalirin expression in dopaminergic neurons in the VTA, GABAergic MSNs in the NAc and striatum and glutamatergic pyramidal neurons in the prefrontal cortex could play a role. The ability of Kalirin, a cocaine responsive gene, to interact with the NR2B subunit of the NMDA receptor may be one mechanism through which cocaine exerts long term effects on cytoskeletal organization. NMDA receptors are linked to the actin cytoskeleton by both spectrin and alpha-actinin (Wyszynski et al., 1997; Wechsler and Teichberg, 1998) . Tiam-1, another Rac-GEF, binds to the NR1 subunit of NMDA receptors (Tolias et al., 2005) while RasGRF1, a GEF for both Ras and Rac, binds to the NR2B subunit. Like Kal7 KO mice, RasGRF KO mice show decreased place preference for cocaine (Fasano et al., 2009) . Synapses rich in both Kal7 and NR2B may be especially sensitive to chronic cocaine. The effects of cocaine are known to differ in males and females (Parylak et al., 2008) . In rats, dendritic spine density and sensitivity to cocaine vary throughout the estrus cycle, with a greater response to cocaine when estradiol levels are high and spines are more numerous (Becker, 1999; Parylak et al., 2008) . Kal7 levels in the hippocampus vary in a similar manner throughout the menstrual cycle and elevated estradiol levels increase both Kal7 expression and dendritic spine density in the rat hippocampus and in cultured rat hippocampal neurons .
This article has not been copyedited and formatted. The final version may differ from this version. Neurons were fixed 48 h after transfection, doubly stained with polyclonal GFP (C) and monoclonal myc (D) antibodies, and visualized with Cy3-conjugated donkey anti-mouse
IgG and FITC-conjugated donkey anti-rabbit IgG. Spine density was analyzed using Neurolucida as described (Ma et al., 2003) (F) . Quantification of spine density, **, p<0.01, Student T test, n=9. Scale bars=10 µm. . Subsequent immunostaining with GFP antibody was performed 48 h after transfection to intensify the GFP signal. Neurolucida was used to trace and calculate total length of dendrites (E) as described; *, p<0.05, Student T test, n=10. Scale bar: A-D=15 µm. 
